A simple method of potentially wide applicability for obtaining synchronous cultures of Bacillus subtilis based on size selection is described. Using glass fiber filters, a population (about 1 to 2% of the parent population) can be obtained substantially enriched for small cells which grow synchronously. A method for rapidly concentrating dilute suspensions of cells is described.
substantially enriched for small cells which grow synchronously. A method for rapidly concentrating dilute suspensions of cells is described.
Cultures of synchronously dividing bacteria can be obtained either by growing cells of a particular age class or by imposing synchrony (e.g., amino acid starvation). The latter methods must distort temporal relationships of cell processes, although damaging stresses may be incurred with selection methods (1, 6, 8) . Phased cell division of bacilli has been obtained using starvation and stationary phase methods (4, 9, 14) , and Imanaka et al. (7) have used a filtration method to obtain synchronous cultures of Bacillus cereus. A density gradient method of isolating synchronous cells of Bacillus subtilis has been described (2) . Germinating spores may have synchronous chromosome replication and cell division, but these divisions are not typical of the normal process in exponential cultures (10) . Enteric bacteria have been used more widely than bacilli for synchrony studies (6) . This investigation describes a simple reproducible method for obtaining synchronous cultures based on size selection that causes minimum stress and gives sufficient yield for biochemical experiments. Growth conditions are indicated that eliminate chain formation and restrict septum formation to a small part of the division cycle.
MATERIALS AND METHODS Bacteria, growth, and media. B. subtilis 168 thytrp-was kept as a spore suspension in distilled water. Cells were grown on minimal medium containing phosphate buffer (pH 7.3) (7.1 g of Na2HPO4 and 1.35 g of KH2PO4 per liter of Analar grade chemicals), which was sterilized alone. Ammonium sulfate (2 mg/ml), magnesium sulfate (0.25 mg/ml), glucose (5 mg/ml), ferrous sulfate (7H20) (1.0 Ag/ml), manganese sulfate (4H,O) (0.1 ;g/ml), thymine (10 ug/ ml), and tryptophan (10 ig/ml) were subsequently added aseptically to give the final concentrations shown. Spores were germinated overnight in shaken culture in minimal medium supplemented with 0.01% casein hydrolysate. Cultures to be used for synchrony experiments (250 ml in 1-liter flasks) were inoculated from an exponential culture so as to obtain growth equivalent to an absorbancy (540 nm) of about 0.8 on the following morning. Exponential growth was maintained for at least 12 volumes. GF/C filters gave more selection than GF/A. Cell density did not affect the quality of selection, but there was a considerable reduction in speed! of filtration when the number of VOL. 116, 1973 cells applied to the filter exceed 2 x 101 cells per cm2. Selection was greater and yields lower at high negative pressures, but in either case better results were obtained if selection was performed with a progressive increase in vacuum from zero to the appropriate level. Negative pressures greater than 45 cm of mercury were not used, so that damage to the bacteria would be avoided, although there was no decrease in growth after exposure to such a vacuum for 5 min.
The relationship between negative pressure and retentiveness of glass fiber filters has been exploited in collecting and concentrating cells from large volumes of medium. Thus, cells were collected on three GF/C filters at high negative pressures (40 cm mercury) and were then eluted with a small volume of medium at 1 to 2 cm of mercury to give a concentrated suspension. Further selection was obtained at this stage by eluting bacteria from the collection filters through more filters (see Materials and Methods).
Cultural conditions for synchronous growth. In many strains of bacilli the time taken from septum formation to cell separation must be long in relation to the generation time as they are frequently multiseptate (12 Figure 2 illustrates growth of bacteria selected, as described above in medium 1 (Fig. 1) . Cell numbers and OD are shown on a,logarithmic scale. The importance of correcting Coulter counts for the number of unseparated cells is shown. A higher degree of synchrony is seen in the corrected curve than the uncorrected one. The number of bacteria with septa is also shown, again illustrating that cell division occurs periodically and therefore synchronously.
Synthesis of macromolecules. '4C-tryptophan and 3H-thymine were incorporated in proportion to cell mass (OD) (Fig. 3) , which suggests that deoxyribonucleic acid (DNA) and protein synthesis was exponential in synchronous cultures.
With a generation time of 81 min, there was a 63% increase in DNA (in about 3 h) in the presence of chloramphenicol (100 ,ug/ml). This gives a DNA replication time of 125 min (13) . As this is substantially greater than a cell generation time, chromosomes under these conditions must contain three forks (10).
DISCUSSION
In principle, filtration methods of selecting uniform populations of small cells that will grow synchronously should be quicker than centrifugation and should not introduce the osmotically active solutes necessary for gradient centrifugation methods. With good selection, yields of cells must be small, so methods of handling and rapidly concentrating large numbers of cells must be available. A technique has been devised using glass fiber filters which meets these requirements. The degree of size selection and the total load that glass fiber filters will accommodate at a reasonable flow rate is much greater than with paper filters. For example, from 1 liter of culture containing about 4 x 108 cells per ml, a good synchronous population containing about 1 to 2% of the parent population can be obtained within 5 min. The increase in retentiveness at high negative pressures provides an especially useful method of combining a selection and concentration step. Cells ob- , optical density (540 nm) (log scale); 0, cell number determined by Coulter counter (log scale); 0, cell number corrected for septation (log scale).
tained by filtration in this way grow synchronously (Fig. 2) .
Studies of filtration synchrony have indicated that unusual phenomena can be induced by stresses such as temperature changes, shocks on entering fresh media, and delays in preparation (1, 6, 8 116, 1973 bling time. The decrease in mass growth rate is reflected in a decrease in cell volume.
In filtration, stress could arise from (i) physical effects of passing through a filter, (ii) exposure to low pressure, and (iii) damage during collection. Criteria (i) and (iii) are difficult to test rigorously, although exponentially growing cells, collected on filters and eluted into fresh medium, show a small reduction in growth rate. Exposure to reduced oxygen tension at the growth temperature for 5 min has no adverse effect on the subsequent growth rate.
The degree of synchrony observed (Fig. 2) is less than might have been expected from the degree of selection, although the size selection obtained is slightly greater than with the Helmstetter method (3, 8, 15) . There are indications that the distribution of interdivision times in bacilli is substantially greater than in Escherichia coli (11) . The cell number curve (Coulter count corrected for septation) appears more synchronous than the uncorrected Coulter count, indicating that variation in septation time is less than variation in separation time. By measuring the amount of DNA synthesized in the presence of chloramphenicol, a chromosome replication time of 125 min has been estimated, in agreement with the estimates of Ephrati-Elizur and Borenstein (5). This is substantially longer than is found in thy+ strains (5) and is dependent on the thymine concentration in the medium (13) . Therefore, under the growth conditions used, the chromosome must have three forks and DNA synthesis should occur throughout the cell cycle. It must be assumed that DNA synthesis proceeds linearly in any chromosome, and it would be expected that, in cells in perfect synchrony, the DNA synthesis would observe sharp rate changes in each cycle in the ratio 1:3:2 (6). During steadystate labeling of synchronous cells, DNA synthesis is apparently exponential (proportional to OD). However, this method is probably not sufficiently sensitive to detect such rate changes.
Continuous protein and DNA synthesis can be regarded as evidence that no extreme stresses have been incurred in selection. LITERATURE CITED
